Introduction
Introduction

Recent studies have demonstrated that multiple cell types can be derived in vitro from human embryonic stem (hES) cells. Transplanted neurons developed from hES cells have also been reported to integrate successfully in vivo [1]. Together, these important findings indicate the great advantages and opportunities that these cells may offer as a source of specialized human cells for biotechnological and future clinical therapeutic applications. Crucial to the success of generating specialized cell populations is an understanding of the mechanisms influencing the control of cell growth and differentiation by extrinsic and intrinsic factors. During embryonic development, morphogens such as bone morphogenic protein, sonic hedgehog, fibroblast growth factors (FGFs) and retinoic acid, act as inductive signals for neuronal specification by interacting in unique temporal orders [2-4]. The neurotrophins are a family of growth factors that include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and NT-4, which have central roles in the development of the nervous system and act by stimulating receptor tyrosine kinases (Trk) and the p75 neurotrophin receptor (p75 NTR ). These factors mediate proliferation and differentiation of neuronal precursor cells and can also regulate neurotransmitter release, long-term potentiation, axonal and dendritic growth and
guidance, and synaptic plasticity [5] . Earlier studies on hES cells have shown that neurotrophic factors can mediate hES cell survival and also modulate their fate [6, 7] . [8, 9] . The majority of high affinity nAChRs in the brain are of the ␣4␤2 nAChR subtype, whereas ␣7 nAChRs are expressed early in development and have been shown to be important in the modulation of synaptic plasticity and the transduction of neuroprotective effects against ␤-amyloid induced neurotoxicity [9] [10] [11] 
Both neuronal nicotinic (nAChRs) and muscarinic AChRs (mAChRs) have important roles in cognitive functions
Materials and methods
Cell culture and proliferation assays
Reverse transcription-PCR
Extraction of RNA was carried out with Trizol reagent (Invitrogen). RT-PCR
analyses were performed as previously described [16] (Fig. S1) . These results suggest that activation of these receptors does not affect their gene expression.
Forebrain identity of hES cell-derived cholinergic neurons
To define the sub-regional identity of neurons generated in the presence of neurotrophic factors, we analysed transcription factors which play key roles in brain development (Fig. 2) (Fig. S4) 
. Activation of Trk receptors by NT-3 induced the highest p-ERK expression and this induction of p-ERK expression was inhibited by 200 nM K252a, an inhibitor of tyrosine protein kinase activity. These findings suggest that neurotrophic factors were able to activate pathways that induce differentiation in these cells. To investigate cholinergic characteristics of the hES-cell derived neuronal cells, we analysed the expression of ChAT and cholinergic receptors. Transcripts encoding ChAT were detected and the expression of ChAT was increased following BDNF, NT-3, CNTF and NGF exposure for 18 days (Fig. 2A). Consistent with the results of RT-PCR analysis, we detected expression of ChAT by immunocytochemistry (Fig. 2E). The proportion of neurons expressing ChAT was significantly increased (P Ͻ 0.05) after stimulation with BDNF (69 Ϯ 6.9%), NT-3 (69 Ϯ 8.9%), CNTF (78 Ϯ 5.0%) and NGF (77 Ϯ 9.9%) compared with control (40 Ϯ 4.8%) in late differentiated cells (Fig. 2D). In contrast, no expression of ChAT was detected in early differentiated cells (data not shown). The expression of the homeodomain proteins Nkx2.1 and Islet-1, which is associated with the development of forebrain cholinergic neurons, was co-localized with hES cell-derived ChAT ϩ neurons, demonstrating a forebrain identity (Fig. 2B and C). As virtually all cholinergic cells also were immunoreactive to the p75 receptor (Fig. S5), it is suggested that basal forebrain cholinergic neurons are derived rather than striatal neurons.
Human ES-cell derived neurons express various subtypes of cholinergic receptors
We examined the expression of cholinergic receptors and found transcripts encoding ␣3, ␣4 and ␣7 nAChR subunits and M1, M2 and M3 mAChR subtypes (Fig. 3A) .
Exposure with BDNF, NT-3, CNTF and NGF increased the ␣3 nAChR subunit in late differentiated cells. In contrast, a small reduction was observed for
Fig. 1 Efficient generation of neurons from hES cells that were cultured as freefloating aggregates (neurospheres). Cells in these aggregates first differentiated to radial glial cells and then further to neurons. (A, B) Proliferative neurospheres expressed Ki67 (at 10ϫ). (C-E) Cells migrated from neurospheres, expressing the radial glial markers Pax6, BLBP and GFAP 1 day after plating on poly-D-lysine and laminin. A few cells expressed the neuronal marker ␤III-tubulin (red) (cells are shown at 20ϫ). (F) Postmitotic (MAP2-expressing) neurons were developed under these culture conditions. (G) Tyrosine kinase receptors were expressed on neural precursors. (H) Effects of neurotrophic factors (BDNF, NT-3 and NGF) and CNTF on cell proliferation. After 18 days, proliferation was increased following NT-3, CNTF and NGF
(50 ng/ml) at *P Ͻ 0.05; **P Ͻ 0.01. (Fig. 3B) . Furthermore, BDNF exposure also induced NMDA receptors in these cells (Fig. 3A) . 
Fig. 2 Expression of markers for sub-regional identity and for cholinergic neurotransmission in differentiated hES cells. (A) After 18 days of differentiation with BDNF, NT-3, CNTF and NGF, the cells expressed transcripts of several genes expressed the ventral telencephalon, including Mash1, Dlx1, Dlx2, Gbx2 and Gsh2. The LIM-homeobox genes Lhx6 and Lhx8, both confined to the MGE, were up-regulated with CNTF, and with BDNF and NGF treatment, respectively. (B, C) Immunostaining of hES cell-derived cholinergic cells with anti-Nkx2.1 and anti-Islet-1 antibodies 18 days after plating (at 40ϫ). (D) The proportion of neurons expressing ChAT following treatment with neurotrophic factors. All factors tested showed statistically significant effect on the proportion of ChAT ϩ neurons. *P Ͻ 0.05; **P Ͻ 0.001 as compared to control. Values are expressed as mean Ϯ S.E.M., n ϭ 6. (E) Immunostaining of ChAT (red) in NT-3-differentiated neurons at day 18 (at 20ϫ).
Fig. 3 Expression of cholinergic receptors in neurons from hES cells. (A) RT-PCR analysis of hES cell-derived neurons in late differentiated cells indicate expression of various subunits for both nAChRs and mAChRs. (B) Co-localization of ␣-bungarotoxin (green) and ␤III-tubulin (red) (magnification 40ϫ). Nuclei were stained with Hoechst 33342 (blue).
␣4 nAChR subunit following BDNF and CNTF treatment, whereas no substantial effect was observed as regards the ␣7 nAChR subunit. The ␣7 nAChR subtype was expressed in 5-10% of the cells (Ͼ600 cells counted) and it was co-localized with expression of the neuronal marker ␤III-tubulin
Functional properties of cholinergic receptors
To examine the functionality of cholinergic receptors expressed in hES cell-derived neuronal cells, cytosolic calcium was monitored by Fluo-3/Fura-Red imaging. Increased cytosolic calcium evoked by exposure to ACh was observed in a subpopulation of cells (Fig. 4A) . To define an ACh-responding cell, we used an increase of over 50% of the basal fluorescence as a cut-off limit. Using this criterion, the proportion of ACh-responding cells increased in a dose-dependent manner. Concentrations higher than 1 M evoked a calcium response in a maximum range of 50% to 60% of imaged cells (Fig. 4B) . We then investigated the source of the ACh-evoked cytosolic calcium.
Fig. 4 Cholinergic receptors mediate the calcium increase evoked by acetylcholine. (A) Image from cells loaded with the calcium-sensitive dyes Fluo-3 and Fura-Red showing a frame taken before application of 100 M ACh (upper panel). Upon exposure to ACh the fluorescence that came from Fluo-3 increased, whereas that from Fura-Red diminished (lower panel). In the same frame, a cytosolic calcium increase turned the responding cells green, whereas non-responding cells remained red. The bar indicates 20 m. (B) The fraction of responding cells was plotted against the logarithm of the concentration of ACh (the first application of ACh in each experiment). Each point corresponds to the counting of at least 50 cells (two to six experiments). (C) The responding cells were exposed to ACh (10 M) two times. The first application was done in a physiological buffer supplemented with 20 mM glucose (KRH-glc). The second time, ACh was applied in calcium-free buffer (see 'Materials and methods'). The trace corresponds to an average of 11 cells and is a representative of three experiments. (D) Cells were exposed twice to ACh (100 M). The first application shows the calcium increase elicited by ACh. The second application of ACh was performed in the presence of the mAChR antagonist scopolamine (10 M).
ACh (10 M) was applied first to identify the responding cells, and this was then followed by a second application of ACh in calcium-free conditions (Fig. 4C) . The removal of extracellular calcium was ineffective in abolishing the ACh-evoked calcium increase, suggesting an intracellular origin. In addition, the mAChR antagonist scopolamine (10 M) abolished a second calcium response (Fig. 4D) [23] . Consistent with a previous report [7] , we found that hES cells express neurotrophin receptors. Stimulation with NT-3, NGF and CNTF increased the cell proliferation following 18 days exposure. These growth factors also have regulatory roles in neuronal differentiation and neurotransmitter phenotype specification [16, 24, 25] [28, 29] . Derivation of forebrain specific neural progenitors from mouse ES cells using serum-free, floating cultures of embryoid body-like aggregates has also been reported [30] . 
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